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Abstract Fluid flows generated by motile cilia are guiding the establishment of the left-right
asymmetry of the body in the vertebrate left-right organizer. Competing hypotheses have been
proposed: the direction of flow is sensed either through mechanosensation, or via the detection of
chemical signals transported in the flow. We investigated the physical limits of flow detection to
clarify which mechanisms could be reliably used for symmetry breaking. We integrated parameters
describing cilia distribution and orientation obtained in vivo in zebrafish into a multiscale physical
study of flow generation and detection. Our results show that the number of immotile cilia is too
small to ensure robust left and right determination by mechanosensing, given the large spatial
variability of the flow. However, motile cilia could sense their own motion by a yet unknown
mechanism. Finally, transport of chemical signals by the flow can provide a simple and reliable
mechanism of asymmetry establishment.

DOI: 10.7554/eLife.25078.001

Introduction

Chirality describes the asymmetry between an object and its mirror image. How chiral asymmetries
arise in physics and biology is a fundamental question that has fascinated researchers for many years
(Morrow et al., 2017; Wagniére, 2007). A number of independent mechanisms of chirality estab-
lishment at multiple scales have been identified in living systems, ranging from subcellular with the
establishment of chiral cortical flows (Naganathan et al., 2014) to the cellular scale during the pro-
cess of cell fate specification (Gémez-Lopez et al., 2014) and to the tissue scale during the process
of left-right (LR) axis specification (Blum et al., 2014b; Coutelis et al., 2014, Dasgupta and Amack,
2016; Hamada and Tam, 2014; Levin, 2005). Similar concepts also exist in the plant kingdom, sug-
gesting widespread mechanisms of chirality transfer (Wang et al., 2013). Biological symmetry break-
ing is often associated with the internal handedness or chirality of molecular motors (Ferreira and
Vermot, 2017, Inaki et al., 2016; Naganathan et al., 2016). One of the most striking examples of
biological symmetry breaking is the mechanism of LR axis determination in the developing embryo,
which is crucial for the asymmetric internal organ positioning. In most of the vertebrate species, LR
axis determination is set by a symmetry biasing event which is under the control of a directional flow
generated by the chiral beating pattern of motile cilia (Hirokawa et al., 2009; Nakamura and Ham-
ada, 2012). To date, even though the molecular mechanisms of LR axis determination are highly
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conserved from fish, amphibians to mammals (Blum et al., 2014a), many steps of this process are
not yet understood (Ferreira and Vermot, 2017; Shinohara and Hamada, 2017, Wolpert, 2014).

Prevailing models of LR specification in most vertebrates (Blum et al., 2009; Gros et al., 2009)
involve groups of cells (the LR organizer, LRO) within the presomitic mesoderm (the segmental plate)
coordinating asymmetry establishment through the control of a slow-moving flow (the nodal flow)
(Nonaka et al., 1998) and an intercellular amplification of the asymmetric signals within and around
the LRO cells (Nakamura et al., 2006). This slow-moving flow is produced by rotation of multiple,
motile cilia located at the cell surface of the LRO. This flow leads to a collective cell response that
occurs specifically on the left embryonic side of the LRO and is associated with an asymmetric intra-
cellular calcium release (McGrath et al., 2003; Yuan et al., 2015). The LRO is a transient structure
and its function is required for a limited period of time. In zebrafish, the LRO is visible between 10 hr
after fertilization (3-somite stage) and 16 hr after fertilization (14-somite stage) (Essner et al., 2005;
Yuan et al., 2015).

Cilia generate a directed flow by beating in a spatially asymmetric fashion (Satir and Christensen,
2007). Their cycle consists of a working stroke, during which a cilium is stretched away from the sur-
face in order to move the maximum amount of fluid, and a recovery stroke, during which it swipes
along the surface, thus reducing the backflow (Marshall and Kintner, 2008). Cilia in the LRO are rel-
atively short and their beating pattern resembles rotation along the mantle of a tilted cone
(Hirokawa et al., 2006, Nonaka et al., 2005, Okada et al., 2005). This tilt effectively makes one
part of the cycle act as a working stroke and the other part as a recovery stroke. Spatial orientation
is, therefore, a key functional feature of motile cilia involved in LR symmetry breaking, as it deter-
mines the strength and directionality of the induced flow (Cartwright et al., 2004). The molecular
mechanisms that set this orientation involve elements of the Planar Cell Polarity (PCP) pathway
(Borovina et al., 2010; Hashimoto et al., 2010; Song et al., 2010) as well as flow itself
(Guirao et al., 2010). At the molecular scale, the chirality of biomolecules has been proposed to
provide some of the asymmetrical cues for LR symmetry breaking (Brown and Wolpert, 1990;
Levin and Mercola, 1998). This paradigm works well with cilia, as the sense of cilia rotation is deter-
mined by the chirality of the structure of their protein building blocks (Hilfinger and Jiilicher, 2008).

To accurately discriminate left from right, cells need to robustly sense a signal over the noise
associated with flow and cilia beat. Two hypotheses have been proposed for asymmetric flow detec-
tion. According to the chemosensing hypothesis, the directional flow establishes a LR asymmetric
chemical gradient that is detected by signaling systems which leads to LR asymmetric gene expres-
sion and cell responses in the LRO (Okada et al., 2005). The mechanosensing hypothesis, on the
other hand, proposes that the LRO cells can detect the mechanical effects of flow. It has been sug-
gested that this mechanosensing is mediated by a particular type of sensory cilia that is able to trig-
ger a local, asymmetric response of the so-called crown cells, which are located at the periphery of
the node (mouse LRO) (McGrath et al., 2003; Tabin and Vogan, 2003). In the zebrafish LRO (also
called Kupffer's vesicle or KV), the model for cilia-mediated mechanotransduction suggests that
sensing cilia are immotile and will activate a cellular response due to physical asymmetries generated
by the flow (Sampaio et al., 2014). The flow detection apparatus needs to be remarkably efficient,
as demonstrated by the observation that, despite wild-type mice having hundreds of motile cilia in
their LRO, proper asymmetry establishment occurs even in mutant mice with only two motile cilia in
the LRO (Shinohara et al., 2012). Similarly, although wild-type zebrafish usually has around 50-60
motile cilia in the KV, correct asymmetry establishment occurs in zebrafish mutants with only 30
motile cilia (Sampaio et al., 2014). Considering that motile cilia might be chemosensors
(Shah et al., 2009), LR symmetry breaking could rely on a combination of both mechanosensory and
chemosensory mechanisms that could work in parallel. To date, however, several issues with both
hypotheses have emerged: the molecular nature of a possible diffusing compound involved is still
not known (Freund et al., 2012; Shinohara and Hamada, 2017) and cilia-mediated mechanotrans-
duction in the mouse node has recently been experimentally challenged (Delling et al., 2016). In
many aspects, these debates remain open because the sensitivity of mechanical and chemical detec-
tion mechanisms has not yet been assessed quantitatively from a physical standpoint based on prop-
erties of cilia and the flows they generate.

To test the sensitivity of the detection mechanisms, we investigated the physical limits of the sys-
tem to discriminate left and right in the presence of flow irregularities and noise. We analyzed the
system from the level of individual cilia to the scale of the entire organ using live imaging to

Ferreira et al. eLife 2017;6:€25078. DOI: 10.7554/elife.25078 2 of 27


http://dx.doi.org/10.7554/eLife.25078

LI FE Computational and Systems Biology | Developmental Biology and Stem Cells

determine the physical features controlling the flow. We used these experimental datasets to calcu-
late the flow in unprecedented detail and assess its robustness. We show that the flow velocities and
their local variability impose crucial constraints on potential mechanosensing by cilia and investigate
the question whether the small number of non-motile cilia can be sufficient to reliably distinguish
between the left and the right side of KV. Furthermore, we use the calculated flow profile to simulate
the directed diffusive motion of chemical signals and determine the limit on particle diffusivity for
which the mechanism is reliable. Our results show that the physical limits to the reliability of mechan-
ical sensing of flow are stronger than the ones associated with chemical sensing and suggest that
chemosensation is the key mechanism for LR axis determination.

Results

Theoretical analysis of cilia-generated flow patterns

In the current models, cilia-mediated left-right (LR) symmetry breaking is driven by a chiral flow pat-
tern. In the zebrafish embryo, the directional flow corresponds to an anti-clockwise rotation around
the dorsoventral (DV) axis when viewed from the dorsal pole of the Kupffer's vesicle (KV)
(Figure 1A) (Essner et al., 2005; Kramer-Zucker et al., 2005). Motile cilia are the driver of the flow
whose directionality mainly depends on two features: cilia density and spatial orientation. Several
studies have focused on cilia orientation and density to explain the flow directionality in mouse and
fish (Borovina et al., 2010; Cartwright et al., 2004; Montenegro-Johnson et al., 2016;
Nonaka et al., 2005; Okabe et al., 2008; Okada et al., 2005; Sampaio et al., 2014; Smith et al.,
2008) to understand the principles underlying flow generation. These studies led to contradicting
conclusions by proposing different types of cilia orientation, such as posterior tilt (Borovina et al.,
2010), dorsal tilt (Supatto et al., 2008), or a mix of the two (Okabe et al., 2008). To solve this issue,
we used a theoretical approach and developed a simplified biophysical model that can be tested in
vivo.

In order to gain insight into the mechanism of flow generation, we first use a simplified model,
which does not consider the small scale inhomogeneities of the flow around individual cilia. This sim-
plification is valid in the limit in which both the cilia length (L) and the characteristic distance
between cilia are shorter than the distance at which we observe the flow. The latter distance is char-
acterized by the radius of the KV (R). The cilia layer can then effectively be represented by a net slip
velocity at the surface (Vilfan, 2012). With typical parameters L = 6 um, R = 35 um and a characteris-
tic distance between cilia of 10 um, these conditions are roughly satisfied when observing the flows
in the center of the KV. Calculations with a detailed hydrodynamic model shown later (section ‘Single
vesicle analysis reveals a significant variability between embryos’) confirm uniform flows in the cen-
ter, but they also show a significant velocity variability near the KV surface, which is not captured by
the simplified model.

The effective surface-slip velocity, which replaces the individual cilia in the simplified model, can
be calculated from the cilia parameters as follows. We consider cilia covering a surface with area
density p and rotating with the angular velocity ® along the mantle of a cone with a semi-cone angle
1, tilted by the angle 0 in a direction &,. The direction of rotation is clockwise as seen from the distal
end towards the KV wall. They induce a net flow velocity above the ciliated layer in the direction per-
pendicular to the tilt direction (Smith et al., 2008; Vilfan, 2012)

CywL?

V= psin(f) sin (1)) &, x & (1)
where €, is a unit vector normal to the vesicle surface, x is the vector product, Cy=1.27n denotes
the drag coefficient and n the fluid viscosity (see Figure 1C). This contribution results from the fact
that a cilium moves more fluid during its working stroke, when it is further away from the surface,
than during the recovery stroke, when it is closer. At the same time, even without a tilt (i.e. when the
rotation axis is orthogonal to the cell surface), a rotating cilium induces a rotary flow with the ampli-
tude ~3CywL*/(167m) sin® (1) cos(¢)). Although a surface (or a cavity) lined with untilted rotating cilia
at a uniform density does not produce a long-range flow, non-uniformities in surface density p do
lead to an effective slip velocity
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Figure 1. Definition of coordinate systems of the Kupffer's vesicle (KV). (A) Side view of a zebrafish embryo at 5-somite stage (left panel) and its
schematic drawing (middle panel), highlighting the KV localization (grey box). The zoom-up box (right panel) shows the schematic transverse section of
the KV, depicting the cilia (in green), their rotational orientation (black curved arrows) and the directional flow (thick black arrows). (B) e, e, ef are the
local basis on the ellipsoid, which are used to define cilia orientation. The vector e, is aligned along a meridian (blue) from the ventral to the dorsal
pole; ef follows a parallel (red) in the direction of the typical directional flow within the vesicle; e, is the vector normal to the KV surface and pointing
towards the center of the vesicle (green). (C) Cilia 3D orientation is quantified by two angles: 0 (tilt angle from the surface normal e,)) and ¢ (angle
between the surface projection of the cilia vector and the meridional direction). (D) 2D flat map representation of the KV surface with coordinates o and
B. The origin is set in the anterior pole. The embryonic body plan directions are marked as A (anterior), P (posterior), L (left), R (right), D (dorsal) and V
(ventral). The body plan reference frame is defined as vectors ep, e, ea.

DOI: 10.7554/elife.25078.002

The following figure supplement is available for figure 1:

Figure supplement 1. Multiscale analysis from individual cilia to 3D modeling of the Kupffer’s vesicle (KV).
DOI: 10.7554/¢Life.25078.003
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The flow observed inside the KV, which is, as a first approximation, characterized by uniform rota-

tion (the fluid moves like a rotating rigid sphere) with the angular velocity Q and the surface velocity

V= QRcos(B)e; (see Figure 1B for the definition of the local basis (;,,,é,) and Figure 1D for the

definition of B) can be achieved in two ways (or a combination thereof):

1. Scenario 1: Dorsoventral gradient of cilia density (Figure 2A).
No cilia tilt, # = 0, and a density profile p = py(1 + sin(B))/2 such that the density reaches its

maximum at the dorsal pole.

Scenario 1
Cilia dorsal gradient
Dorsal pole

A

1" ¥y
\ 2
X I ///
\\;\\‘ {2 oA
e e - -
e - ) -
D 1
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Figure 2. Two scenarios for the origin of directional flow. (A) Scenario 1 — dorsal gradient: cilia unit vectors (black)
are orthogonal to the surface, but the cilia density increases from the ventral to the dorsal pole. (B) Scenario 2 —
meridional tilt: cilia are tilted along the meridians towards the dorsal pole. The insets in (A'-B’) show the density

maps on the sphere: a linear dorsal gradient for scenario 1 (A’) and a uniform density for scenario 2 (B) (color map

from blue to red representing low to high cilia

density). (C) Both scenarios can theoretically account for the

directional flow (red arrows) rotating about the dorsoventral axis observed experimentally. See Figure 1 for the

definition of the body plan reference frame and coordinates systems.

DOI: 10.7554/eLife.25078.004
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2. Scenario 2: Meridional tilt (Figure 2B).
Constant surface density p = py and a meridional tilt 6 > 0 obeying sin(#) = sin(y) cos(B), i.e.,
cilia oriented along a meridian, which is the projected line from the ventral to the dorsal pole
(blue line in Figure 1B,D).

Both scenarios or a combination of both are possible. However, the fluid velocity achieved with
scenario 1 is smaller by a factor of (3L/8R) cos(v))/ sin(6p) =0.1 as compared to scenario 2. This theo-
retical analysis shows that the directional flow depends on two main topological features of the vesi-
cle: a profile of cilia density and a cilia orientation pattern following a meridional tilt in the KV.

3D-CiliaMap reveals multiple gradients of cilia density

In order to test whether scenario 1 (the cilia density gradient scenario, Figure 2A) or 2 (the meridio-
nal tilt scenario, Figure 2B) leads to the directional flow observed in vivo, we developed a live imag-
ing-based method called 3D-CiliaMap (Figure 1—figure supplement 1 and Video 1). 3D-CiliaMap
is designed to quantify experimental features, such as KV size and shape, as well as the spatial distri-
bution, surface density, motility and orientation of cilia (Figure 1—figure supplement 1). Develop-
ing zebrafish embryos can be accurately staged using the number of somites (blocks of presomitic
mesoderm tissue that regularly form along both sides of the neural tube during the segmentation
period) (Kimmel et al., 1995) (Figure 1A). We performed our analysis between 8- and 14- somite
stages (SS), when the directional flow in the KV is well established (Essner et al., 2005; Kramer-
Zucker et al., 2005; Long et al., 2003; Lopes et al., 2010). We analyzed the cilia density in 3D
because it has previously been reported to vary along the anteroposterior (AP) axis (Borovina et al.,
2010; Kreiling et al., 2007; Okabe et al., 2008; Supatto et al., 2008; Wang et al., 2011, 2012). In
order to extract average features, the density
maps from 20 vesicles with a total of 1197 cilia
were averaged and represented either on the
average vesicle spheroid (Figure 3A) or on a 2D
flat map (Figure 3B). We found that the average
density of cilia did not display any significant dif-
ferences between left and right sides of the KV
(Figure 3B). As expected from previous studies
(Wang et al., 2011, 2012), a steep density gradi-
ent was observed along the AP axis, with increas-
ing density towards the anterior pole of the
vesicle (about four times denser than posterior)
(Figure 3A,B). Interestingly, a gradient of cilia
density was also seen along the DV axis, albeit
shallower (dorsal being two times denser than
ventral) (Figure 3B). Together, these results rule
out scenario 1, since the dominant AP density
gradient would lead to a significant contribution
to directional flows around the AP axis, which are
not observed (Supatto et al., 2008).

Video 1. Visualization of the 3D-CiliaMap processing
KV motile cilia exhibit a meridional workflow from 3D live imaging to Kupffer's vesicle (KV)
tilt surface segmentation and cilia vectorization. Firstly,
one embryo from the Tg (actb2:Mmu.Arl13b-GFP)
(Borovina et al., 2010) line soaked for 60 min in
Bodipy TR (Molecular Probe) is imaged using 2-photon

To test the scenario 2 (the meridional tilt sce-
nario, Figure 2B) in vivo, we mapped cilia orien-

tation in embryos between 8- and 14-SS. We
defined the orientation of a cilium with a unit vec-
tor along the axis of the conical cilia movement
and decomposed it in a local orthogonal basis
(Ef,é',,,e?m) on the KV surface as defined in
Figure 1B, where:

1. 0 (tilt) is the angle of the cilium with respect
to the KV surface normal (0° for a cilium

excitation fluorescence (2PEF) microscopy at 930 nm
wavelength. A full z-stack of the KV can be seen.
Subsequently, using Imaris (Bitplane Inc.), z-stacks are
rendered into 3D volume and the KV cell surface is
manually segmented so that only cilia at the cell
surface surrounding the KV are visible. At the end, we
show the cilia vectorized in the whole volume imaged
after 2PEF acquisition.

DOI: 10.7554/eLife.25078.006
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Figure 3. Anterior gradient of cilia density and cilia meridional tilt in the Kupffer's vesicle (KV) at 8- to 14-somite stage (SS). (A-

B) Averaged cilia

density obtained from 20 vesicles represented on a 3D KV map (A) or on a 2D flat map (B) revealing a steep density gradient along the anteroposterior

(AP) axis and the resulting enrichment at the anterior pole (in red). (B) Besides the enrichment at the anterior pole (@ =0°, B =0°
along the dorsoventral (DV) axis is also visible (8 > 0° vs 8 < 0°)

), a density gradient
. (C) Orientations of the 1013 motile cilia analyzed in the local basis (en, en, ef) on the

ellipsoid: the grey vector (not to scale) shows the vector average of all motile cilia orientations (6 = 46° and @ = 14°; r=0.73); for the sake of clarity, only
cilia orientations from one representative vesicle are shown by black vectors. (D) Cilia orientations (¢ angles) on a 2D flat map. The majority of cilia point

in the meridional direction (e, in red). N,

DOI: 10.7554/eLife.25078.005

= number of vesicles; N. = number of cilia; r = resultant vector length.

orthogonal to the KV surface and 90° for parallel, Figure 1C).
2. ¢ angle is the orientation of the cilium projected on the KV surface (0° for a cilium pointing in a
meridional direction towards the dorsal pole, Figure 1C).

A meridional tilt would then correspond to 6 > 0° and ¢ close to 0°. Among the 1197 cilia in 20
vesicles, we could determine their orientation and motility status for 86% and 89% of them, respec-
tively. Less than 5% of the cilia were immotile at these stages. Together, we quantified the orienta-
tion of 1013 motile cilia (corresponding to 85% of all cilia). We plotted cilia unit vectors in the same
local basis (black arrows in Figure 3C) and the average cilium as the 3D mean resultant vector
(Berens, 2009) (gray arrow in Figure 3C). The resultant vector length r quantifies the spherical
spread (the closer r is to one, the more cilia are concentrated around the mean direction). Despite a
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relatively broad distribution of cilia orientations (r = 0.76), we found that the 6 tilt of the average cil-
ium is near 46° and the average cilium has a 14° ¢ angle (Figure 3C). The resultant vector length and
angles (r, 0, ¢) from individual vesicles are listed in Table 1. In total, 65% of all motile cilia exhibited
a ¢ angle between —45° and +45° (meridional quadrant). In addition, no specific spatial distribution
of this orientation was detected (red in Figure 3D). These data demonstrate that motile cilia are ori-
ented on average with a meridional tilt and support scenario 2 (Figure 2B), in which cilia meridional
tilt is the dominant mechanism generating the directional flow within the KV (Figure 2C). Note that
the meridional tilt results in dorsal cilia orientation on the equator and in posterior cilia orientation in
the anterior part of the dorsal KV. This might explain why several studies reported different orienta-
tion of the cilia in the KV (Borovina et al., 2010; Okabe et al., 2008; Supatto et al., 2008). With

Table 1. Statistical properties of all KV analyzed. Table summarizing some of the cilia features collected from the 3D-CiliaMap for indi-
vidual KV at 3-, 8- and 9-14- somite stage (SS).

% Ellipsoid axis Average motile cilium
KV immotile Axis ratio Volume Ellipsoid Q
stage number N cilia cilia a(um) b(um) a/b (pl) r 0 (°) 0 () fit RMS residue (um) (s
1 56 11% 27 12 2.3 35 0.8 37 6 2.07 0.423
2 23 39% 21 12 1.8 21 0.8 44 2 1.56 0.207
3 35 3% 23 12 1.9 27 0.8 42 -1 2.38 0.457
4 21 33% 18 1" 1.6 15 0.8 22 12 2.14 0.350
5 19 100% 15 9 1.7 8 NA NA NA 1.5 0.000
385 6 24 54% 15 10 1.5 9 0.7 28 3 1.78 0.230
7 23 61% 14 12 1.2 10 0.8 18 -46 1.92 0.110
8 40 53% 18 11 1.6 16 0.7 8 22 2.05 0.034
mean+SD 30+13 44% +31% 19+5 11+1 1.7+03 17+10 08+01 28+13 -2+22 1.9+0.3 0.226 +0.173
1 50 4% 29 18 1.6 64 0.8 37 -14 1.2 0.270
2 49 2% 22 8 2.8 15 0.8 35 6 1.1 0.595
3 43 0% 25 1" 23 30 0.7 46 12 23 0.561
4 50 4% 27 12 23 39 0.7 41 16 25 0.329
855 5 71 0% 26 13 20 36 0.8 35 16 18 0.469
6 47 0% 30 22 1.4 85 0.7 21 39 1.7 0.110
mean =SD 52 +10 2% + 2% 26+3 14+5 20+05 45+25 07+01 36+8 13+17 1.7+0.5 0.389 +0.186
1 89 16% 37 31 1.2 174 0.7 49 12 2.1 0.271
2 78 6% 27 15 1.8 47 0.7 46 18 2.0 0.600
3 80 3% 33 20 1.7 93 0.8 54 13 2.2 0.412
4 50 0% 33 20 1.7 91 0.7 47 14 2.6 0.290
5 78 6% 31 17 1.8 70 0.7 36 20 2.0 0.393
6 94 4% 36 21 1.7 111 0.8 52 10 1.7 0.424
7 62 11% 34 26 1.3 124 0.8 46 11 1.8 0.216
8 39 3% 24 20 1.2 48 0.7 54 36 4.4 0.378
9 35 0% 31 13 24 52 0.8 50 10 2.6 0.245
2;51 410 49 4% 2 7 19 74 0.8 53 2 23 0.275
1" 50 2% 30 22 1.4 82 0.9 64 3 29 0.433
12 55 2% 30 23 1.3 85 0.8 61 1" 2.6 0.388
13 49 4% 33 10 3.3 47 0.7 40 32 2.1 0.224
14 79 5% 27 19 1.4 56 0.7 51 22 1.8 0.521
mean = SD 63+19 5% + 4% 31+4 19+5 1.7+06 82+36 0.8+0.05 50+7 15+10 2.3+0.7 0.362+0.114

DOI: 10.7554/eLife.25078.007
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Table 2. List of symbols: Quantities and their values with sources where applicable.

From Value:
Symbol Description 3D-CiliaMap standardized vesicle
<;m’ ;f’;n> Cilium’s coordinate system +
<;A7 oL ;‘D> KV coordinate system +
« Coordinate +
B Coordinate +
0 Cilium tilt + 0 —60°
® Cilium orientation on the cell surface + 0
) Cilium, semi-cone angle 25°
w Cilium, angular frequency 25 x 27 57!
L Cilium, length 6 pm
R KV radius + 35 pm
a KV ellipsoid, equatorial radius + R
b KV ellipsoid, height + R
N, Number of cilia + 70
p Surface density of cilia +
p Normalized surface density of cilia + See Figure 5
g(vy) Cilia distribution, pair correlation + See Figure 5
n Fluid viscosity 0.001 Pas
TStokes Diffusive particle Stokes radius 0.5 — 10 nm
D Particle diffusion constant kT /(670 Fstokes)
V() Fluid velocity inside KV calculated
Q Effective flow angular velocity calculated
Nief, Niight Number of particles captured on the left/right simulated

DOI: 10.7554/elLife.25078.018

such a meridional tilt, all motile cilia can contribute to the directional flow around the DV axis, wher-
ever they are located within the KV.

Variation in cilia surface density over time affects flow amplitude but
not its direction

Current models for symmetry breaking are not taking into account the dynamics of cilia spatial distri-
bution during the process. Nevertheless, the process of LR patterning occurs in a dynamic organ
(Compagnon et al., 2014; Wang et al., 2012; Yuan et al., 2015), which might be associated with
changes in the spatial distribution and orientation of cilia during the course of LR patterning. Previ-
ous reports have shown that the first signs of asymmetric cell response in the KV are observed
between 3- and 8-SS (Francescatto et al., 2010; Sarmah et al., 2005; Yuan et al., 2015). To obtain
accurate information about these dynamics, we map cilia positioning within the KV in three pools of
embryos: early (3-SS), mid (8-SS) and late (9-14-SS) (Figure 4A). During this developmental time win-
dow, the KV size drastically changes with an average volume increasing from 17 pl at early to 45 pl
and 82 pl at mid and late stages. The average number of cilia per vesicle also increases from 30 at
early, to 52 and 63 at mid and late stages (Figure 4—figure supplement 1 and Table 1). Not sur-
prisingly, the ratio of motile versus non-motile cilia also changes along with the total number, as pre-
viously observed by (Yuan et al., 2015). The fraction of motile cilia increases with time (44% of
immotile cilia per vesicle on average at 3-SS vs. 2% at 8-SS) (Figure 4—figure supplement 1, Fig-
ure 4—figure supplement 2A and Table 1). At mid and late stages, we observed a steep gradient
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Figure 4. Development of flow profiles and cilia orientations over time from 3- to 9-14 somite stage (SS). (A) Cilia orientation in the local basis (en, e,
ef) over time (see Figure 3C). Black vectors show cilia orientations from one representative vesicle. (B) Average flow in the equatorial plane of the
Kupffer's vesicle (KV) calculated from cilia maps at each developmental stage. The average flow is rotational about the dorsoventral (DV) axis at all
stages, getting stronger anteriorly from 8-SS onwards. A 3D visualization of these flows is shown in Video 2. (C) Effective angular velocity () as a
measure of rotational flow within a KV over time. Right view of the € vector is shown in the main diagrams, posterior view in insets. The following figure
supplements are available for Figure 4.

DOI: 10.7554/eLife.25078.008

The following figure supplements are available for figure 4:

Figure supplement 1. Quantification of KV and cilia features comparing the 3-, 8- and 9-14-somite stage (SS).

DOI: 10.7554/eLife.25078.009

Figure supplement 2. Changes in cilia spatial distribution and orientation over time.

DOI: 10.7554/eLife.25078.010

of cilia surface density along the AP axis, which is not yet established at 3-SS (Figure 4—figure sup-
plement 2B). Instead, a DV gradient of cilia density is present at 3-SS.

We next investigated the emergence of cilia motility and orientation by comparing early, mid and
late stages. We observed that the spread around the average motile cilium is constant over time
(resultant vector length r = 0.74 or 0.75) (Figure 4A). Additionally, it seems that the average

Ferreira et al. eLife 2017;6:€25078. DOI: 10.7554/eLife.25078 10 of 27


http://dx.doi.org/10.7554/eLife.25078.008
http://dx.doi.org/10.7554/eLife.25078.009
http://dx.doi.org/10.7554/eLife.25078.010
http://dx.doi.org/10.7554/eLife.25078

LI FE Computational and Systems Biology | Developmental Biology and Stem Cells

orientation angle 6 of the motile cilia increases over time (from 32° to 50°, Figure 4A). When focus-
ing on 3-SS embryos, we found that motile cilia at this stage already exhibit a clear meridional tilt, as
the angle ¢ of the average motile cilium is close to 0° (57% of all cilia exhibited a ¢ angle in the
meridional quadrant [—45°, +45°]) and 6 is high (32°) (Figure 4A). Together, these data suggest that
the few motile cilia at 3-SS are already well oriented and generate a flow of low amplitude but in the
proper direction.

We suspected that the increasing number of motile cilia and the changes in their spatial distribu-
tion would significantly alter the flow profile between 3- and 8-SS. To test this, we used our 3D cilia
maps to numerically calculate the flow they generate at the different developmental stages
(Figure 4B and Video 2). We first validated our flow simulation by comparing it with experimentally
measured flow profiles along the AP axis (Figure 5). As expected, due to the increase in anterior cilia
density, the flow amplitude increases over time (Figure 4B and Figure 6A) with the most pro-
nounced increase in the anterior region. We quantified the directionality of the flow by calculating

the effective angular velocity €3, defined as the angular velocity of a uniformly rotating sphere with
the same angular momentum as the circulating fluid in the vesicle (Figure 4C and Table 1). Our
results consistently show that in 8-SS and 9-14-SS embryos, the rotational flow persistently points in
one direction. Most importantly, in 5 out of 8 vesicles, the flow direction is already set at 3-SS
(Figure 4C and Figure 6—figure supplement 1A), suggesting that directional flow can emerge as
early as 3-SS, even though the flow is of low amplitude (Video 2). As a consequence, the establish-
ment of an AP gradient of cilia from 3- to 8-SS does not affect the flow direction, which further sup-
ports cilia meridional tilt as the dominant mechanism used to generate directional flow within the
KV.

Single vesicle analysis reveals a significant variability between embryos
An additional element to consider in the physical mechanisms of symmetry breaking is its robust-
ness. Given that 90-95% of the zebrafish embryos have a properly positioned left axis
(Gokey et al., 2016), the mechanism eliciting LR bias has to be highly robust even though the
KV size, which affects LR patterning, is variable across embryos (Gokey et al., 2016). We sought
to directly probe for the robustness of the biophysical features of the cilia through single vesicle
analysis. We first analyzed cilia density in individual vesicles and found that cilia density and ori-
entation are very variable from embryo to embryo (Figure 6B-D, Figure é6—figure supplement
1A-C and Table 1). Making use of the cilia maps observed in individual KV and our model of 3D
flows, we determined the expected flow profiles. We assessed the general amplitude of the flow
and found strong variability in the local flow velocities between individual vesicles at every devel-
opmental stage (Figure 6B-D and Figure 6—figure supplement 1A-C). In particular, the calcu-
lated profiles reveal a high level of variability of the difference between left and right flow
amplitudes, without a persistent bias (Figure 6—figure supplement 1A-C). Similarly, we found
the maximum velocity at the anterior and pos-
terior poles of the KV is variable from embryo
to embryo (Figure 6B-D and Figure 6—figure
supplement 1A-C). We conclude that the local
flow amplitude itself cannot be a good indicator
of the embryonic side and is too variable to
serve as a robust predictor of the left and right
side of the vesicle. By contrast, the strength of

the rotational flow characterized by the effec- video 2. 3D visualization of the calculated average

tive angular velocity O appears robust flows at 3-somite-stage (SS) (left), 8-SS (center) and 9-

(Figure 4C). Thus, while the average vesicle 14-55 (right). See Figure 4B for the velocity color scale.
The axes show the direction of anterior (red), left
(green) and dorsal (blue). At all stages the average flow
is directional around the dorsoventral (DV) axis, but the
flow velocity increases between 3- and 9-14-SS. The
This identifies the directional flow as the most flow profiles in the anteroposterior (AP)-left-right (LR)
robust left-right asymmetric feature in the plane are shown in Figure 4B.

vesicle. DOI: 10.7554/eLife.25078.014

highlights a highly stereotyped organization,
single vesicle analysis uncovers a high diversity
of densities, orientations and local flow profiles.
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Comparing flow-mediated transport of signaling molecules and
mechanical flow sensing as mechanisms for symmetry breaking in the
KV

The hypotheses for the mechanisms of LR symmetry breaking are usually divided into two competing
classes, independently of the topological differences amongst species: asymmetric distribution of
signaling molecules (Hirokawa et al., 2006; Okada et al., 2005) or asymmetric mechanical influence
(Hamada and Tam, 2014; Yoshiba and Hamada, 2014). Making use of the information gained from
3D-CiliaMap and numerically calculated flow profiles, we developed numerical simulations based on
specific arrangements of cilia in order to corroborate or refute different hypotheses for symmetry
breaking in the LRO. In particular, we took into account the variability between embryos that we
observed experimentally.

Mechanosensory mechanism 1: directional flow sensing

We first evaluated the 'Directional flow-sensing mechanism’ where the left side is detected by sens-
ing the directionality of the circular flow. Such a mechanism implies that cells need to distinguish
between a fluid moving from anterior (A) towards posterior (P) (on the left side) and a fluid moving
from P towards A (right side), and the cilium needs to sense the direction of flow. It also has to over-
come the following obstacles: (1) The strong temporal variation associated with beating cilia overlays
the directional flow to be detected; (2) In addition, the flow fields of adjacent cilia also perturb the
static component of the directional flow; (3) The cilia would need a detection threshold sufficiently
low to detect the relatively weak flows in the KV. Using our computational modeling, we tested the
feasibility of criteria 1-3.

We used the cilia distributions from 20 analyzed vesicles, as well as a larger number of randomly
generated vesicles with the same density profiles and interciliary distance distributions (see Materials
and methods). In each vesicle, we randomly chose three immotile cilia on each side and calculated
the torque acting on them. The torques acting at the base of a cilium are calculated using the
numerically determined force distributions along its length. The torque component that could poten-
tially serve as the LR determinant is the meridional one, bending the cilium towards A or P
(Figure 7A). In order to estimate the fraction of cilia that measure the torque in the correct direction
above a certain threshold, we plotted cumulative distributions of the meridional component of the
torque vector (Figure 7B,C). The instantaneous torques (dotted lines) show a broad distribution and
have a direction opposite to that of the directional flow in about 25% of the cases. These fluctuations
are caused by the beating of adjacent cilia, which induces on average an oscillating torque with an r.
m.s amplitude of 9 x 10~'? Nm. Additionally, the torques are of a similar order of magnitude as the
thermal fluctuations acting on the cilium, whose r.m.s. amplitude we estimate as 2 x 107'7 Nm
(Appendix B). A simple estimate shows that both the thermal and oscillatory noise can be sup-
pressed by temporal averaging (low-pass filtering) the signal with a time constant longer than 2 s.
The distribution of time-averaged torques is shown by dashed lines in Figure 7B and C. A sensitivity
threshold of 2 x 1072 Nm would be sufficient to achieve a reliability of 95% (less than 5% of the
immotile cilia on the left side would not detect the posterior-directed flow) in vesicles with the gen-
erated distributions (Figure 7B, dashed lines), but the greater variability of experimentally character-
ized vesicles does not allow this level of reliability (about 10% of the cilia are subject to flows of the
opposite directionality, Figure 7C, dashed lines). A sufficient reliability can only be achieved by addi-
tionally averaging the torques detected on all three cilia on one side (solid lines). In this case the
required detection threshold is 107'? Nm. For comparison with other flow sensing cilia, we calcu-
lated the uniform shear rate required to exert the same torque. We find that for a 6 um long cilium
the threshold torque corresponds to a shear rate of 0.5 s~ (shear stress 0.5 mPa). In renal cilia, Ryd-
holm and colleagues (Rydholm et al., 2010) observed calcium signals with shear stresses of 20 mPa
and higher. These results indicate that the mechanosensory detection of flow would require cilia
with an ability of direction-sensitive flow detection with a threshold 1-2 orders of magnitude lower
than known comparable mechanosensory cilia. Moreover, many KV have fewer than three immotile
cilia on each side, the number that would be needed for ensemble-averaging to overcome spatial
inhomogeneities of the flow. The number of immotile cilia is higher at 3-SS, but the weaker and less
regular flow excludes reliable side detection at that stage (Figure 7—figure supplement 1).
Together, these results suggest that flow sensing in itself is difficult as the flow is weak and masked
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Figure 5. Validation of calculated flow profiles. (A) Velocity profile along the anteroposterior (AP) axis (anterior: x/R = 1; posterior: x/R = —1), positive
values indicate leftward flow. Red: experimental values obtained with particle tracking (Supatto et al., 2008). Blue: calculated flows using observed cilia
distributions from vesicles from 8-somite stage (SS) to 14-SS (mean + std. error; N, = 20). Black: simulations using randomly generated cilia
distributions. (B) Statistical features used to generate cilia distributions (blue circles: experimental distributions, black line: model). Top panel:
normalized surface density as a function of the position along the tilted AP axis (' = 1 at the point with maximum density, (a, 8) = (0, 15°)); bottom
panel: pair correlation function as a function of the angular distance between two cilia. N, = number of vesicles.

DOI: 10.7554/eLife.25078.011

both by spatial and temporal fluctuations. We thus expect that such a mechanism of sensing would
lack the robustness necessary for setting the LR axis accurately.

Mechanosensory mechanism 2: cells sense the motion of their own cilia

An attractive possibility based on mechanosensing is that cells ‘detect the motion of their own cilia
relative to already established body axes’. In this case, the rotating cilium provides a cell the neces-
sary chirality information, while the directional flow in KV would only appear as an epiphenomenon.
The tip velocity of a beating cilium (400 um/s) is significantly higher than the typical flow velocity (10
um/s), which implies that in a motile cilium the torques caused by its own motion largely surpass
those caused by the directional flow. Using the mobility matrix of a model cilium (see Materials and
methods) we calculated the torque components acting on the base of an isolated dorsally tilted
motile cilium, positioned either on the left or on the right side (Figure 7D). The dashed lines show
the time averages of the three torque components. The average torque caused by an active cilium'’s
motion is about 20 times higher than the torque caused by the directional flow (Mechanosensory
mechanism 1). If a cell could discriminate between a torque towards A or P exerted at the base of its
motile cilium, the time-averaged meridional component of the torque vector (blue line), which has a
magnitude of about 10~" Nm, could serve as a side discriminator. Thus, cells sensing the torque
direction generated by their own cilia to is a possible mechanism for an asymmetric response in the
KV.

Flow-mediated transport of a signaling molecule

As the third mechanism, we investigated the possibility of ‘flow-mediated transport of a secreted
signaling molecule’ in the KV. It is known that classical motile cilia also contain receptors to detect
the external chemical environment (Shah et al., 2009). We propose that cilia on the left and on the
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Figure 6. Variability in cilia distributions and flow profiles between individual Kupffer's vesicle (KV) at 3-, 8- and 9-14- somite stage (SS): (A) Distributions
of flow velocities in individual KV at 3-, 8- and 9-14-SS. The upper panel shows the mean velocities in the regions around the anterior (A) and posterior
(P) poles and the lower panel around the left (L) and right (R) poles. (B-D) Flow profiles and 2D cilia density maps for two representative KV at 3-SS (B),
8-SS (C) and 9-14-SS (D) (see Figure 6—figure supplement 1 for all individual KV).

DOI: 10.7554/elife.25078.012

The following figure supplement is available for figure 6:

Figure supplement 1. Flow profiles and 2D cilia density maps for all Kupffer's vesicles (KV) analyzed at 3- somite stage (SS) (A), 8-SS (B) and 9-14-SS
(C), showing a great variability between embryos.
DOI: 10.7554/elife.25078.013
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Figure 7. Physical limits of possible side detection mechanisms. (A) Mechanosensory mechanism 1: directional flow sensing. Sensory cilia (red) on the
left (L) and on the right (R) side are deflected by the rotational flow (arrows). They must be able to distinguish between anterior- and posterior-directed
flows. (B-C) Cumulative fraction of cilia with the anterior acting force below (right, green) or above (left, red) the value on the abscissa. The dotted lines
show instantaneous values (blurred by oscillatory flows of adjacent cilia), dashed lines show the temporal average, and the continuous line the temporal
and ensemble average of 3 immotile cilia on each side. The diagrams show the results on randomly generated (B) and experimentally characterized (C)
vesicles. The results show that reliable detection (<5% error) would need a sensitivity threshold of 1 x 107" Nm. The upper scale shows the effective
flow shear rate above a planar surface that induces the equivalent torque on an isolated passive cilium of the same length. (D) Mechanosensory
mechanism 2: detection of a cilium’s own movement. According to this mechanism, a cell can sense the torque components caused by the motion of
its active cilium through the viscous fluid. The lines show the meridional component towards posterior (blue), parallel component towards dorsal (red),
and normal component (green). The meridional component shows a temporal average of 107" Nm that could potentially allow discrimination between
left (left panel) and right (right panel) side. (E) Chemosensory mechanism, based on flow mediated transport of a signaling molecule. Particles are
secreted from a region 30° around the anterior (A) pole and then travel diffusively through the rotating fluid. They get absorbed upon encounter with
any cilium outside the anterior region. Eventually, particles absorbed in a 45° region around left-right poles are counted. (F) Average particle
concentration (arbitrary units) in the equatorial plane for particles where diffusion dominates fluid circulation (Stokes radius = 0.5 nm, top) and those
with drift dominating (3 nm, bottom). In the latter case, an asymmetry in the distribution is clearly visible (Video 3). (G-L) Fraction of particles counted
on the left among the total count of left and right for different scenarios. The dotted line shows a proposed detection threshold with a left to right ratio
of 2:1. The red line shows the average vesicle and the shadowed region the interval between the 5™ and the 95" percentile. (G) Continuous model with
uniform circulation (Q = 0.5 s™"). (H) Randomly generated cilia distributions with natural parameters. (I) Simulation on individual vesicles at 3-SS (red), 8-
SS (indigo) and 9-14-SS (black). (J) Same as H, but homogeneous cilia distribution. (K) Same as H, but reduced number of cilia (¥, = 35). (L) Further
reduced number of cilia (N. = 20). The following figure supplement is available for Figure 7.
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The following figure supplement is available for figure 7:

Figure supplement 1. Cumulative torque distributions on immotile cilia as in Figure 7C, but using cilia maps at 3-somite stage.

DOI: 10.7554/elife.25078.016

right side (45° around LR axis, representing the areas where the first asymmetric responses have
been observed (Francescatto et al., 2010; Sarmah et al., 2005), act as detectors that absorb small
particles in contact with their surface. Because the first asymmetric signal was observed on the left
(Yuan et al., 2015), we propose that these particles are secreted in the anterior region (30° around
the anterior pole) and that cells in this region do not absorb them (Figure 7E and Video 3). As a
rough estimate, we expect that flow-mediated transport requires a Péclet number Pe =vR / D > 1,
which states that advection dominates over diffusion. With Q=05s"!, we get
Pe = QR*6mrstokes / (ksT) = Fstokes / 0.4nm. The condition Pe > 1 is thus fulfilled for particles above
nanometer size. To assess the feasibility of flow-mediated transport quantitatively, we simulated the
diffusion of small particles in the flow fields calculated before (Figure 7F). We propose that asymme-
try is detected based on the cumulative number of particles detected on each side. Therefore, the
time course of particle secretion is not important for our arguments. As a measure of asymmetry, we
used the number of particles detected on the left side N, divided by the total number detected
on the left and right combined (Niefe+righ:) (Figure 7G-L). We estimate that the difference is detect-
able if the ratio between left and right is at least 2:1, that is, if the fraction is higher than 2/3
(Figure 7G-L). Computational results on 20 vesicles are shown in Figure 7I. For signaling particles
with a Stokes radius of 2 nm, we obtain a robust asymmetric readout in 18 of 20 vesicles. In addition,
we performed the computation on a larger number of randomly generated vesicles and see that, for
particle sizes of 2-10 nm, more than 95% of the vesicles fulfill the asymmetry requirement. In order
to elucidate the requirements on the arrangement of cilia needed for robust asymmetry establish-
ment, we also simulated vesicles with alternative distributions. Figure 7J shows a scenario with cilia
distributed homogenously around the whole vesicle, which is equally efficient. It is therefore unclear
whether the increased cilia density in the anterior region fulfills a purpose with regard to symmetry
breaking. It is possible, however, it becomes beneficial for different secretion scenarios. Since it was
previously shown that there is a minimum number of motile cilia required to achieve LR patterning in
vivo (Sampaio et al., 2014), we tested the model with a smaller number of motile cilia. With half the
number of cilia (N, = 35, Figure 7K) the vesicles
still show sufficient average asymmetry, but fail

b . / to achieve 95% reliability. Interestingly, the mech-
, N 2 '\ s T — anism becomes dysfunctional with 20 motile cilia,

B - RN R , ,  which is very close to the minimum observed in

- \ . A ‘ ///\ N _ vivo by (Sampaio et al., 2014) (Figure 7L). This

\ e R indicates that ‘flow-mediated transport of a

R AR A secreted signaling molecule’ is plausible in the

: > / ~ = Py KV and that the KV contains enough motile cilia

'v o - 7 - ra P to allow robust symmetry establishment through

asymmetric transport of signaling molecules, but

Video 3. Simulated transport of signaling molecules in not much more than needed.

the Kupffer's vesicle (KV). Panoramic view of the KV as
seen from the center. The cilia distribution is obtained
from vesicle 1 at 9-14-somite stage (Figure 6—figure DiSCUSSion
supplement 1C). Cilia shown in blue are motile and
those in red immotile or undetermined. Signaling

particles (rsiokes = 5 nm, not to scale), secreted from

Here, we have investigated physical mechanisms
that could underlie the left-right (LR) symmetry
breaking of the vertebrate body plan. We have
combined microscopy and large-scale cilia map-
ping in living animals with theory to analyze the

anterior (yellow), are subject to Brownian motion
biased by the leftward flow until they are absorbed by
a cilium (shown yellow after particle capture). 10 s of

video represent 1s real time. Link for 360° video: physical limits of the generation and detection of
https://youtu.be/1caSzBle5rA LR asymmetric flows. The experimental analysis
DOI: 10.7554/eLife.25078.017 of cilia patterns over time allowed us to generate
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a comprehensive map of complex in vivo cilia behaviors at key stages of LR symmetry breaking. We
used this approach to assess the reliability by which asymmetric cues can be detected by cells in the
process of the determination of the LR axis of the vertebrate body plan.

Recent work in fish and mice has highlighted two possible ways to mechanically sense the direc-
tional flow: asymmetric flow velocity sensing (Sampaio et al., 2014) and/or flow direction sensing
(McGrath et al., 2003). Our results argue against asymmetric velocity sensing because no robust
asymmetries in the flow amplitude were observed in the KV, as previously suggested (Smith et al.,
2014). The calculated flow pattern obtained when using cilia parameters collected in vivo shows that
its directionality is the most robust sign of chirality in the organizer. Another level of complexity,
which is shared between mouse and fish, is the presence of beating cilia in the near vicinity of the
immotile cilia. It has been suggested that these cilia detect the flow direction (Yoshiba et al., 2012).
Indeed, the average distance from one cilium to its nearest neighbor is under 8 um in the KV. At
such a distance, the strong local flow perturbations have been shown to be chaotic (Supatto et al.,
2008). In addition, the required sensitivity is of the same order of magnitude as thermal fluctuations.
Both cilia beating and the thermal fluctuations could theoretically be overcome by time averaging if
mechanosensitive cilia acted as low-pass filters. The observed average velocities are still below the
detection threshold found in other mechanosensitive cilia (Delling et al., 2016; Goetz et al., 2014,
Nauli et al., 2008; Rydholm et al., 2010) and we are not aware of systems that detect static forces
with such sensitivity. Hair bundles are known to achieve remarkable sensitivity thresholds close to
the level of thermal noise, but the majority of them detect stimuli at higher frequencies and there-
fore act as high- or band-pass filters (Muller et al., 2016). A notable exception is the utricular oto-
lith, which acts as a low-pass filter, but senses significantly higher forces (Inoue et al., 2013). We
conclude that small flow velocities are a major challenge to the reliable sensing of directionality.
Moreover, the hypothesis that cilia are capable of directional flow sensing remains untested in vivo
(Shinohara and Hamada, 2017).

In addition, we showed that due to spatial inhomogeneities resulting from the cilia distribution,
temporal averaging within a single cilium could not be sufficient for robust side determination via
detection of flow direction. Signals from several cilia on each side would need to be ensemble-aver-
aged. For robust flow sensing, we found that three cilia on each side are necessary.

We observed in vivo that the number of immotile cilia decreases over time along with an increase
in the number of motile cilia, resulting in a stronger flow velocity and directionality. Nevertheless,
the stage at which the number of immotile cilia is high corresponds to the stage where flow is the
lowest and the least robust. At later stages, when it directionally is established, we observed that
only 5% of cilia were immotile, less than three on each side. The number of immoatile cilia is therefore
too low to sense the flow direction. Combined with the related finding that cilia from isolated mouse
cells do not bend significantly in response to flow applied at endogenous flow amplitudes
(Delling et al., 2016), we conclude that a mechanism of symmetry breaking based solely on mechan-
ical sensing of directional flow appears incompatible with our in vivo analysis.

These physical limitations led us to reconsider mechanosensing in the framework of LR symmetry
breaking. Mechanosensing could, for instance, occur through the sensing of the cilia’'s own motion.
The mean torque exerted by the fluid on a meridionally tilted beating cilium has the opposite direc-
tion from the torque exerted by the directional flow on an immotile cilium. A prediction of this auto-
sensing hypothesis is therefore that an artificially induced counter-rotating flow (clockwise in dorsal
view) would enhance, rather than reverse, the LR difference. Results in the mouse node
(Nonaka et al., 2002) showing that externally imposed flow of opposite directionality can cause
asymmetry reversal, contradict this view. Another observation in Xenopus that cannot be explained
by the auto-sensing hypothesis is that the laterality mechanism breaks down when the fluid is made
viscoelastic, which brings the directional flow to a halt, even though the cilia are still motile
(Schweickert et al., 2007).

Conversely, our numerical simulations show that asymmetric transport of signaling molecules in
the KV is a much more robust strategy than sensing mechanical cues. We characterize here the phys-
ical limit on the size of the signaling molecule for its reliable asymmetric distribution. Our calcula-
tions show that such mechanism requires the particle size to be bigger than 2 nm to work.
Interestingly, this is in the size range of membrane-bound extra cellular vesicles (ECVs). ECVs play
important roles in intercellular communication and may mediate a wide range of physiological and
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pathological processes (Cocucci et al., 2009, Hogan et al., 2009, Raposo and Stoorvogel, 2013;
Wood et al., 2013).

In summary, we analyzed the physical limits of mechanisms that have been proposed for asymme-
try establishment in zebrafish. Combining large-scale in vivo imaging with fluid dynamics calculations
we were able to map the biophysical features of cilia in the KV and the flows they generate in
unprecedented detail. This allowed us to quantitatively test the physical limits of flow detection
mechanisms. We show that the small number of immotile cilia found in the KV cannot be sufficient
to robustly detect the direction of the flow given its high local variability. Motile cilia could sense the
torques exerted by the fluid as a result of their own motion, which largely surpass the influence of
the directional flow. However, this mechanism is incompatible with findings in other vertebrate spe-
cies in which laterality establishment was suppressed in viscoelastic fluids and reversed with an artifi-
cial flow (Nonaka et al., 2002; Schweickert et al., 2007). Finally, we show that a chemosensory
mechanism in which a LR gradient is established by combining directional flow around the dorsoven-
tral axis with asymmetric particle secretion in the anterior region could explain the observed robust
LR asymmetry establishment, provided that the particle size is above the lower limit of about 2 nm.
Although the molecular nature of the flow detection mechanism remains obscure, our analysis of
physical limitations of two proposed mechanisms rules out directional flow sensing. It also allows us
to predict the minimum size of the signaling particle, which will eventually facilitate the search for it.

Materials and methods

Zebrafish strains

The zebrafish transgenic line used in the study is actb2:Mmu.Arl13b-GFP (Borovina et al., 2010).
Embryos were raised at 32°C in the dark. For imaging, embryos were soaked in with Bodipy TR
(Molecular Probes) for 60 min prior to the desired developmental stage and were subsequently
embedded in 0.8% low melting point agarose (Sigma Aldrich) in Danieau solution. Embryos were
imaged between 3- and 14-somite stages (SS).

2-photon excitation fluorescence (2PEF) microscopy

To image deep enough into the zebrafish embryo and capture the entire Kupffer's vesicle (KV), each
live embryo (n = 28) was imaged using 2PEF microscopy with a TCP SP5 or SP8 direct microscope
(Leica Inc.) at 930 nm wavelength (Chameleon Ultra laser, Coherent Inc.) using a low magnification
high numerical aperture (NA) water immersion objective (Leica, 25x, 0.95 NA). We imaged the KV of
embryos labeled with both Arl13b-GFP and BodipyTR between 3- and 14-SS: 100 x 100 x 50 um?®
3D-stacks with 0.2 x 0.2 x 0.8 um?® voxel size and 2.4 s pixel dwell time were typically acquired to
maximize the scanning artefact allowing to properly reconstruct cilia orientation in 3D (Figure 1—
figure supplement 1E) as described in Supatto and Vermot (2011). The fluorescence signal was
collected using hybrid internal detectors at 493-575 nm and 594-730 nm in order to discriminate
the GFP signal labeling cilia from the signal labeling the KV cell surface. To uncover the orientation
of the KV within the body axes, the midline was also imaged. We typically imaged a volume of 600
x 600 x150 um* comprising the midline and the KV from top to bottom with a voxel size of 1.15 um
laterally and 5 um axially.

3D-CiliaMap: quantitative 3D cilia feature mapping

We devised 3D-CiliaMap, a quantitative imaging strategy to visualize and quantify the 3D biophysi-
cal features of all endogenous cilia in the 50 to 80 cells constituting the KV in live zebrafish embryos
from 3- to 14-SS (Figure 1—figure supplement 1). We used Imaris (Bitplane Inc., RRID:SCR_007370)
and custom-made scripts in Matlab (The MathWorks Inc., RRID:SCR_001622) to perform image proc-
essing, registration, and analysis, and to extract the following features: KV size, shape and volume,
cilia motility, number of cilia per KV, cilia spatial distribution, orientation of rotational axis and sur-
face density (Figure 1—figure supplement 1 and Table 1). Cilia motility, position, and orientation in
3D, as well as the reference frame of the body axes, were obtained from 2PEF images and exported
from Imaris to Matlab using ImarisXT (Figure 1—figure supplement 1D,E). Since our analysis relies
on the fluorescence signal from the cilia, we discarded embryos with levels of GFP expression too
low to analyze them. Similarly, a few cilia per vesicle could be discarded when the signal or the
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spatial resolution was too low to accurately determine motility (11%) or orientation (14%). Each cil-
ium was defined as a unit vector from its base to its tip (Figure 1—figure supplement 1E). Cilia
positions were registered in the body plan reference frame. To estimate the KV surface, we fitted an
oblate spheroid to the distribution of cilia bases using the Ellipsoid fit Matlab script by Yury Petrov
(Northeastern University, Boston, MA) (see fitting residues in Table 1). We used cilia vector compo-
nents in the local orthogonal basis (¢, €,,€,) defined at each cilium position on the spheroid surface
to quantify cilia orientation angles 6 (cilium tilt angle respective to the surface normal) and o (cilium
orientation on the KV cell surface), as shown in (Figure 1C). The experimental values were combined
from different embryos and displayed in rosette histograms using Matlab. Finally, to estimate the
local cilia density we transformed the spheroid into a sphere with surface density conservation and
computed a spherical Voronoi diagram of cilia distribution based on the sphere_voronoi Matlab
package by John Burkardt (Department of Scientific Computing, Florida State University, https://
people.sc.fsu.edu/~jburkardt/). The scripts are available upon request.

Flow calculation

When calculating the flow in a KV we first approximate it with a sphere of equal volume. We
describe each cilium as a chain of 10 spheres (radius a=0.2um) with a total length of L=6 um, circling
clockwise along a tilted cone with a frequency of 25 Hz. The phases were chosen randomly under
the constraint that collisions between cilia were prevented (in rare cases, when inconsistencies in
datasets led to unavoidable collisions, a randomly chosen cilium was removed). The mobility matrix
M of the system was calculated using the Green's function for point forces inside a spherical cavity
as described in Maul and Kim (1994). For the diagonal elements (self-mobility of a particle) we used
the expressions

1 9a 1 1 9a 1 13
M = 1— M = - ———5+1-2% 3
" 6mna ( 4R1 —X’%/R2> " 6mma ( 8R (1 - /R + 2R2)) )

where M denotes radial and M the tangential mobility. x; is the position of particle i relative to
the center of the KV. In each step the forces on the particles representing points on cilia were calcu-

lated by solving the linear equation system Vi:ZiM,jF"j and the fluid velocities subsequently from
the Green'’s function.

The 2D flow profiles (e.g., Figure 4B) were created by averaging the velocity over time, over cilia
phases, as well as across a layer between z = —0.1R and 0.1R. The flow profiles along the AP axis
(Figure 5) were averaged over time, phases and a region between y=—0.05R ... 0.05R and
z=—0.05R ... 0.05R.

As a simple and well-defined measure to characterize the intensity and directionality of the flow,
we introduced the effective angular velocity

. 5 I
szfxxv(x)dv, 4

that is, the angular velocity of a uniformly rotating sphere with the same angular momentum as the
fluid in the KV (shown in Figure 4C). Note that the angular momentum is used solely as a velocity

measure since the fluid inertia is negligible. 2 can be calculated directly from the force distribution
as

- 3 ﬂ o\ -
Q:WZ(I—X?/R ))C,‘XF,‘7 (5)

thus omitting the need for spatial integration. This non-trivial expression can be derived from the fol-
lowing considerations. From symmetry arguments, we know that the effective angular velocity

caused by a point force F acting at point ¥ inside the cavity can only have the form
Q=w(F)xxF 6)

with an unknown scalar function w(r). We now consider a distribution of forces on a concentric
sphere with radius r; such that the velocity inside is
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Using definition (4), the effective angular velocity of this distribution can be obtained by spatial

integration with the result
= =23 2\ (R -
Q== (1-=|(=—1 . 8
2w () i
At the same time, the force density at the inner sphere that maintains the velocity profile (7), is
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Inserting this force density into Equation (6) and integrating over the inner sphere gives
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1

The expressions (8) and (10) become equivalent when w(r;) :WO —%) which leads to the

Equation (5) for the effective angular velocity.

Randomly generated vesicles

In addition to the available datasets, we extended our analysis to randomly generated cilia distribu-
tions that shared the main features with those observed in real KV. The vesicles were assigned a
radius R = 35 um. We randomly distributed N. = 70 cilia with a density function p that had its maxi-
mum at (a,B8) = (0, 15°) and a pair correlation function g(y) resembling the measured one
(Figure 4C). All cilia were tilted meridionally (towards dorsal) with a tilt angle 8 = 60° x cosB. The
randomly generated distributions allowed us to study the reliability of the proposed flow sensing
hypotheses without being limited by the number of vesicles analyzed experimentally. In each simula-
tion with randomly generated vesicles, 200 vesicles were simulated in order to obtain stable results.

Torques

To test the mechanosensing mechanism, we chose three immotile cilia situated in the left region of
the KV (up to 45° away from the left pole), and three cilia situated in the right region of the KV (up
to 45° away from the right pole). In case the number of immotile cilia in one region was insufficient
we randomly assigned additional cilia as immotile. To test the case with maximum sensitivity, the
passive cilia were set normal to the surface (§ = 0). After determining the forces on all cilia, the
meridional component (in the direction of &, on the left and —é,, on the right) of the torque vector
was evaluated around the base of a cilium. Figure 7B,C shows the cumulative distributions of instan-
taneous values of these torques, their temporal average, as well as the temporal and ensemble aver-
age for a group of 3 cilia on each side.

Particle diffusion

We evaluated the model based on diffusion of signaling particles with a Langevin-dynamics simula-
tion in the fluid velocity field evaluated before (Video 3). We assumed that the particles are secreted
from random points in a region 30° around anterior and captured whenever they encounter a cilium
elsewhere. The simulation step was 0.001 s and the number of particles traced 1000. The diffusion
constant of a particle was determined as D = kT /(671 rstokes) With the fluid viscosity n = 0.001 Pas.
Particles captured by cilia in the left and right region (up to 45° away from the left/right direction)
were counted and the average ratio Nie/Niefirright, as well as its 5th and 95th percentile were
plotted.
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Statistical analyses

We did not compute or predict the number of samples necessary for statistical differences because
the standard deviation of our study’s population was not known before starting our analysis. Biologi-
cal replicate corresponds to the analysis of different embryos of the same stage. Technical replicate
corresponds to the analysis of the same embryo imaged the same way. The sample size (replicate
and number) to use was as defined by our ability to generate our datasets. We routinely analyze 5 to
10 embryos at each considered stage. Both the mean and the SD (Figure 4—figure supplement 1
and Table 1) were calculated for several of the KV and cilia features measured. For analyses between
two groups of embryos, differences were considered statistically significant when the p-value<0.05,
as determined using a two-tailed and paired Student’s t-test. Circular statistics (resultant vector
length r and 95% confidence intervals on the estimation of the mean angle) where computed using
the CircStat Matlab toolbox (Berens, 2009). Descriptive statistics (cilia density maps) were displayed
using Matlab custom scripts (the scripts are available upon request).
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References

Battle C, Ott CM, Burnette DT, Lippincott-Schwartz J, Schmidt CF. 2015. Intracellular and extracellular forces
drive primary cilia movement. PNAS 112:1410-1415. doi: 10.1073/pnas.1421845112, PMID: 25605896

Berens P. 2009. CircStat: a MATLAB Toolbox for circular Statistics. Journal of Statistical Software 31. doi: 10.
18637/jss.v031.i10

Blum M, Beyer T, Weber T, Vick P, Andre P, Bitzer E, Schweickert A. 2009. Xenopus, an ideal model system to
study vertebrate left-right asymmetry. Developmental Dynamics 238:1215-1225. doi: 10.1002/dvdy.21855,
PMID: 19208433

Blum M, Feistel K, Thumberger T, Schweickert A. 2014a. The evolution and conservation of left-right patterning
mechanisms. Development 141:1603-1613. doi: 10.1242/dev.100560, PMID: 24715452

Blum M, Schweickert A, Vick P, Wright CV, Danilchik MV. 2014b. Symmetry breakage in the vertebrate embryo:
when does it happen and how does it work? Developmental Biology 393:109-123. doi: 10.1016/].ydbio.2014.
06.014, PMID: 24972089

Borovina A, Superina S, Voskas D, Ciruna B. 2010. Vang|2 directs the posterior tilting and asymmetric
localization of motile primary cilia. Nature Cell Biology 12:407-412. doi: 10.1038/ncb2042, PMID: 20305649

Brown NA, Wolpert L. 1990. The development of handedness in left/right asymmetry. Development 109:1-9.
PMID: 2209459

Cartwright JH, Piro O, Tuval I. 2004. Fluid-dynamical basis of the embryonic development of left-right
asymmetry in vertebrates. PNAS 101:7234-7239. doi: 10.1073/pnas.0402001101, PMID: 15118088

Cocucci E, Racchetti G, Meldolesi J. 2009. Shedding microvesicles: artefacts no more. Trends in Cell Biology 19:
43-51. doi: 10.1016/j.tcb.2008.11.003, PMID: 19144520

Compagnon J, Barone V, Rajshekar S, Kottmeier R, Pranjic-Ferscha K, Behrndt M, Heisenberg CP. 2014. The
notochord breaks bilateral symmetry by controlling cell shapes in the zebrafish laterality organ. Developmental
Cell 31:774-783. doi: 10.1016/j.devcel.2014.11.003, PMID: 25535919

Ferreira et al. eLife 2017;6:e25078. DOI: 10.7554/eLife.25078 22 of 27


http://orcid.org/0000-0001-7291-9495
http://orcid.org/0000-0001-8985-6072
http://orcid.org/0000-0003-4731-9185
http://orcid.org/0000-0002-4562-9166
http://orcid.org/0000-0002-8924-732X
http://dx.doi.org/10.7554/eLife.25078.019
http://dx.doi.org/10.7554/eLife.25078.020
http://dx.doi.org/10.1073/pnas.1421845112
http://www.ncbi.nlm.nih.gov/pubmed/25605896
http://dx.doi.org/10.18637/jss.v031.i10
http://dx.doi.org/10.18637/jss.v031.i10
http://dx.doi.org/10.1002/dvdy.21855
http://www.ncbi.nlm.nih.gov/pubmed/19208433
http://dx.doi.org/10.1242/dev.100560
http://www.ncbi.nlm.nih.gov/pubmed/24715452
http://dx.doi.org/10.1016/j.ydbio.2014.06.014
http://dx.doi.org/10.1016/j.ydbio.2014.06.014
http://www.ncbi.nlm.nih.gov/pubmed/24972089
http://dx.doi.org/10.1038/ncb2042
http://www.ncbi.nlm.nih.gov/pubmed/20305649
http://www.ncbi.nlm.nih.gov/pubmed/2209459
http://dx.doi.org/10.1073/pnas.0402001101
http://www.ncbi.nlm.nih.gov/pubmed/15118088
http://dx.doi.org/10.1016/j.tcb.2008.11.003
http://www.ncbi.nlm.nih.gov/pubmed/19144520
http://dx.doi.org/10.1016/j.devcel.2014.11.003
http://www.ncbi.nlm.nih.gov/pubmed/25535919
http://dx.doi.org/10.7554/eLife.25078

e LI FE Research article

Computational and Systems Biology | Developmental Biology and Stem Cells

Coutelis JB, Gonzélez-Morales N, Géminard C, Noselli S. 2014. Diversity and convergence in the mechanisms
establishing L/R asymmetry in metazoa. EMBO Reports 15:926-937. doi: 10.15252/embr.201438972,
PMID: 25150102

Dasgupta A, Amack JD. 2016. Cilia in vertebrate left-right patterning. Philosophical Transactions of the Royal
Society B: Biological Sciences 371:20150410. doi: 10.1098/rstb.2015.0410, PMID: 27821522

Delling M, Indzhykulian AA, Liu X, Li Y, Xie T, Corey DP, Clapham DE. 2016. Primary cilia are not calcium-
responsive mechanosensors. Nature 531:656-660. doi: 10.1038/nature17426, PMID: 27007841

Essner JJ, Amack JD, Nyholm MK, Harris EB, Yost HJ. 2005. Kupffer's vesicle is a ciliated organ of asymmetry in
the zebrafish embryo that initiates left-right development of the brain, heart and gut. Development 132:1247-
1260. doi: 10.1242/dev.01663, PMID: 15716348

Ferreira RR, Vermot J. 2017. The balancing roles of mechanical forces during left-right patterning and
asymmetric morphogenesis. Mechanisms of Development 144:71-80. doi: 10.1016/j.mod.2016.11.001,
PMID: 27825898

Francescatto L, Rothschild SC, Myers AL, Tombes RM. 2010. The activation of membrane targeted CaMK-Il in
the zebrafish kupffer’s vesicle is required for left-right asymmetry. Development 137:2753-2762. doi: 10.1242/
dev.049627, PMID: 20630945

Freund JB, Goetz JG, Hill KL, Vermot J. 2012. Fluid flows and forces in development: functions, features and
biophysical principles. Development 139:1229-1245. doi: 10.1242/dev.073593, PMID: 22395739

Goetz JG, Steed E, Ferreira RR, Roth S, Ramspacher C, Boselli F, Charvin G, Liebling M, Wyart C, Schwab Y,
Vermot J. 2014. Endothelial cilia mediate low flow sensing during zebrafish vascular development. Cell Reports
6:799-808. doi: 10.1016/j.celrep.2014.01.032, PMID: 24561257

Gokey JJ, Ji Y, Tay HG, Litts B, Amack JD. 2016. Kupffer's vesicle size threshold for robust left-right patterning
of the zebrafish embryo. Developmental Dynamics 245:22-33. doi: 10.1002/dvdy.24355, PMID: 26442502

Gros J, Feistel K, Viebahn C, Blum M, Tabin CJ. 2009. Cell movements at Hensen’s node establish left/right
asymmetric gene expression in the chick. Science 324:941-944. doi: 10.1126/science.1172478, PMID: 1935
9542

Guirao B, Meunier A, Mortaud S, Aguilar A, Corsi JM, Strehl L, Hirota Y, Desoeuvre A, Boutin C, Han YG,
Mirzadeh Z, Cremer H, Montcouquiol M, Sawamoto K, Spassky N. 2010. Coupling between hydrodynamic
forces and planar cell polarity orients mammalian motile cilia. Nature Cell Biology 12:341-350. doi: 10.1038/
ncb2040, PMID: 20305650

Gomez-Lopez S, Lerner RG, Petritsch C. 2014. Asymmetric cell division of stem and progenitor cells during
homeostasis and Cancer. Cellular and Molecular Life Sciences 71:575-597. doi: 10.1007/s00018-013-1386-1,
PMID: 23771628

Hamada H, Tam PP. 2014. Mechanisms of left-right asymmetry and patterning: driver, mediator and responder.
F1000Prime Reports 6:110. doi: 10.12703/P6-110, PMID: 25580264

Hashimoto M, Shinohara K, Wang J, lkeuchi S, Yoshiba S, Meno C, Nonaka S, Takada S, Hatta K, Wynshaw-Boris
A, Hamada H. 2010. Planar polarization of node cells determines the rotational Axis of node cilia. Nature Cell
Biology 12:170-176. doi: 10.1038/ncb2020, PMID: 20098415

Hilfinger A, Jilicher F. 2008. The chirality of ciliary beats. Physical Biology 5:016003. doi: 10.1088/1478-3975/5/
1/016003, PMID: 18356578

Hirokawa N, Tanaka Y, Okada Y, Takeda S. 2006. Nodal flow and the generation of left-right asymmetry. Cell
125:33-45. doi: 10.1016/j.cell.2006.03.002, PMID: 16615888

Hirokawa N, Tanaka Y, Okada Y. 2009. Left-right determination: involvement of molecular motor KIF3, cilia, and
nodal flow. Cold Spring Harbor Perspectives in Biology 1:a000802. doi: 10.1101/cshperspect.a000802,
PMID: 20066075

Hogan MC, Manganelli L, Woollard JR, Masyuk Al, Masyuk TV, Tammachote R, Huang BQ, Leontovich AA, Beito
TG, Madden BJ, Charlesworth MC, Torres VE, LaRusso NF, Harris PC, Ward CJ. 2009. Characterization of PKD
protein-positive exosome-like vesicles. Journal of the American Society of Nephrology 20:278-288. doi: 10.
1681/ASN.2008060564, PMID: 19158352

Inaki M, Liu J, Matsuno K. 2016. Cell chirality: its origin and roles in left-right asymmetric development.
Philosophical Transactions of the Royal Society B: Biological Sciences 371:20150403. doi: 10.1098/rstb.2015.
0403, PMID: 27821533

Inoue M, Tanimoto M, Oda Y. 2013. The role of ear stone size in hair cell acoustic sensory transduction. Scientific
Reports 3:2114. doi: 10.1038/srep02114, PMID: 23817603

Kimmel CB, Ballard WW, Kimmel SR, Ullmann B, Schilling TF. 1995. Stages of embryonic development of the
zebrafish. Developmental Dynamics 203:253-310. doi: 10.1002/aja.1002030302, PMID: 8589427

Kramer-Zucker AG, Olale F, Haycraft CJ, Yoder BK, Schier AF, Drummond IA. 2005. Cilia-driven fluid flow in the
zebrafish pronephros, brain and Kupffer’s vesicle is required for normal organogenesis. Development 132:
1907-1921. doi: 10.1242/dev.01772, PMID: 15790966

Kreiling JA, Williams G, Creton R, Prabhat. 2007. Analysis of Kupffer's vesicle in zebrafish embryos using a cave
automated virtual environment. Developmental Dynamics 236:1963-1969. doi: 10.1002/dvdy.21191,
PMID: 17503454

Levin M, Mercola M. 1998. The compulsion of chirality: toward an understanding of left-right asymmetry. Genes
& Development 12:763-769. doi: 10.1101/gad.12.6.763, PMID: 9512510

Levin M. 2005. Left-right asymmetry in embryonic development: a comprehensive review. Mechanisms of
Development 122:3-25. doi: 10.1016/j.mod.2004.08.006, PMID: 15582774

Ferreira et al. eLife 2017;6:€25078. DOI: 10.7554/eLife.25078 23 of 27


http://dx.doi.org/10.15252/embr.201438972
http://www.ncbi.nlm.nih.gov/pubmed/25150102
http://dx.doi.org/10.1098/rstb.2015.0410
http://www.ncbi.nlm.nih.gov/pubmed/27821522
http://dx.doi.org/10.1038/nature17426
http://www.ncbi.nlm.nih.gov/pubmed/27007841
http://dx.doi.org/10.1242/dev.01663
http://www.ncbi.nlm.nih.gov/pubmed/15716348
http://dx.doi.org/10.1016/j.mod.2016.11.001
http://www.ncbi.nlm.nih.gov/pubmed/27825898
http://dx.doi.org/10.1242/dev.049627
http://dx.doi.org/10.1242/dev.049627
http://www.ncbi.nlm.nih.gov/pubmed/20630945
http://dx.doi.org/10.1242/dev.073593
http://www.ncbi.nlm.nih.gov/pubmed/22395739
http://dx.doi.org/10.1016/j.celrep.2014.01.032
http://www.ncbi.nlm.nih.gov/pubmed/24561257
http://dx.doi.org/10.1002/dvdy.24355
http://www.ncbi.nlm.nih.gov/pubmed/26442502
http://dx.doi.org/10.1126/science.1172478
http://www.ncbi.nlm.nih.gov/pubmed/19359542
http://www.ncbi.nlm.nih.gov/pubmed/19359542
http://dx.doi.org/10.1038/ncb2040
http://dx.doi.org/10.1038/ncb2040
http://www.ncbi.nlm.nih.gov/pubmed/20305650
http://dx.doi.org/10.1007/s00018-013-1386-1
http://www.ncbi.nlm.nih.gov/pubmed/23771628
http://dx.doi.org/10.12703/P6-110
http://www.ncbi.nlm.nih.gov/pubmed/25580264
http://dx.doi.org/10.1038/ncb2020
http://www.ncbi.nlm.nih.gov/pubmed/20098415
http://dx.doi.org/10.1088/1478-3975/5/1/016003
http://dx.doi.org/10.1088/1478-3975/5/1/016003
http://www.ncbi.nlm.nih.gov/pubmed/18356578
http://dx.doi.org/10.1016/j.cell.2006.03.002
http://www.ncbi.nlm.nih.gov/pubmed/16615888
http://dx.doi.org/10.1101/cshperspect.a000802
http://www.ncbi.nlm.nih.gov/pubmed/20066075
http://dx.doi.org/10.1681/ASN.2008060564
http://dx.doi.org/10.1681/ASN.2008060564
http://www.ncbi.nlm.nih.gov/pubmed/19158352
http://dx.doi.org/10.1098/rstb.2015.0403
http://dx.doi.org/10.1098/rstb.2015.0403
http://www.ncbi.nlm.nih.gov/pubmed/27821533
http://dx.doi.org/10.1038/srep02114
http://www.ncbi.nlm.nih.gov/pubmed/23817603
http://dx.doi.org/10.1002/aja.1002030302
http://www.ncbi.nlm.nih.gov/pubmed/8589427
http://dx.doi.org/10.1242/dev.01772
http://www.ncbi.nlm.nih.gov/pubmed/15790966
http://dx.doi.org/10.1002/dvdy.21191
http://www.ncbi.nlm.nih.gov/pubmed/17503454
http://dx.doi.org/10.1101/gad.12.6.763
http://www.ncbi.nlm.nih.gov/pubmed/9512510
http://dx.doi.org/10.1016/j.mod.2004.08.006
http://www.ncbi.nlm.nih.gov/pubmed/15582774
http://dx.doi.org/10.7554/eLife.25078

e LI FE Research article

Computational and Systems Biology | Developmental Biology and Stem Cells

Long S, Ahmad N, Rebagliati M. 2003. The zebrafish nodal-related gene southpaw is required for visceral and
diencephalic left-right asymmetry. Development 130:2303-2316. doi: 10.1242/dev.00436, PMID: 12702646

Lopes SS, Lourenco R, Pacheco L, Moreno N, Kreiling J, Satde L. 2010. Notch signalling regulates left-right
asymmetry through ciliary length control. Development 137:3625-3632. doi: 10.1242/dev.054452, PMID: 20
876649

Marshall WF, Kintner C. 2008. Cilia orientation and the fluid mechanics of development. Current Opinion in Cell
Biology 20:48-52. doi: 10.1016/j.ceb.2007.11.009, PMID: 18194854

Maul C, Kim S. 1994. Image systems for a Stokeslet inside a rigid spherical container. Physics of Fluids 6:2221-
2223. doi: 10.1063/1.868223

McGrath J, Somlo S, Makova S, Tian X, Brueckner M. 2003. Two populations of node monocilia initiate left-right
asymmetry in the mouse. Cell 114:61-73. doi: 10.1016/50092-8674(03)00511-7, PMID: 12859898

Montenegro-Johnson TD, Baker DI, Smith DJ, Lopes SS. 2016. Three-dimensional flow in Kupffer’s Vesicle.
Journal of Mathematical Biology 73:705-725. doi: 10.1007/s00285-016-0967-7, PMID: 26825450

Morrow SM, Bissette AJ, Fletcher SP. 2017. Transmission of chirality through space and across length scales.
Nature Nanotechnology 12:410-419. doi: 10.1038/nnano.2017.62, PMID: 28474691

Muller M, Heeck K, Elemans CP. 2016. Semicircular canals Circumvent Brownian Motion Overload of
Mechanoreceptor Hair cells. PLoS One 11:€0159427. doi: 10.1371/journal.pone.0159427, PMID: 27448330

Naganathan SR, Firthauer S, Nishikawa M, Jilicher F, Grill SW. 2014. Active torque generation by the
actomyosin cell cortex drives left-right symmetry breaking. eLife 3:e04165. doi: 10.7554/eLife.04165,
PMID: 25517077

Naganathan SR, Middelkoop TC, Furthauer S, Grill SW. 2016. Actomyosin-driven left-right asymmetry: from
molecular torques to chiral self organization. Current Opinion in Cell Biology 38:24-30. doi: 10.1016/j.ceb.
2016.01.004, PMID: 26829488

Nakamura T, Mine N, Nakaguchi E, Mochizuki A, Yamamoto M, Yashiro K, Meno C, Hamada H. 2006.
Generation of robust left-right asymmetry in the mouse embryo requires a self-enhancement and lateral-
inhibition system. Developmental Cell 11:495-504. doi: 10.1016/j.devcel.2006.08.002, PMID: 17011489

Nakamura T, Hamada H. 2012. Left-right patterning: conserved and divergent mechanisms. Development 139:
3257-3262. doi: 10.1242/dev.061606, PMID: 22912409

Nauli SM, Kawanabe Y, Kaminski JJ, Pearce WJ, Ingber DE, Zhou J. 2008. Endothelial cilia are fluid shear sensors
that regulate calcium signaling and nitric oxide production through polycystin-1. Circulation 117:1161-1171.
doi: 10.1161/CIRCULATIONAHA.107.710111, PMID: 18285569

Nonaka S, Tanaka Y, Okada Y, Takeda S, Harada A, Kanai Y, Kido M, Hirokawa N. 1998. Randomization of left-
right asymmetry due to loss of nodal cilia generating leftward flow of extraembryonic fluid in mice lacking
KIF3B motor protein. Cell 95:829-837. doi: 10.1016/50092-8674(00)81705-5, PMID: 9865700

Nonaka S, Shiratori H, Saijoh Y, Hamada H. 2002. Determination of left-right patterning of the mouse embryo by
artificial nodal flow. Nature 418:96-99. doi: 10.1038/nature00849, PMID: 12097914

Nonaka S, Yoshiba S, Watanabe D, lkeuchi S, Goto T, Marshall WF, Hamada H. 2005. De novo formation of left-
right asymmetry by posterior tilt of nodal cilia. PLoS Biology 3:e268. doi: 10.1371/journal.pbio.0030268,
PMID: 16035921

Okabe N, Xu B, Burdine RD. 2008. Fluid dynamics in zebrafish kupffer’s vesicle. Developmental Dynamics 237:
3602-3612. doi: 10.1002/dvdy.21730, PMID: 18924242

Okada Y, Takeda S, Tanaka Y, Izpisia Belmonte JC, Hirokawa N. 2005. Mechanism of nodal flow: a conserved
symmetry breaking event in left-right Axis determination. Cell 121:633-644. doi: 10.1016/j.cell.2005.04.008,
PMID: 15907475

Raposo G, Stoorvogel W. 2013. Extracellular vesicles: exosomes, microvesicles, and friends. The Journal of Cell
Biology 200:373-383. doi: 10.1083/jcb.201211138, PMID: 23420871

Rydholm S, Zwartz G, Kowalewski JM, Kamali-Zare P, Frisk T, Brismar H. 2010. Mechanical properties of primary
cilia regulate the response to fluid flow. AJP: Renal Physiology 298:F1096—F1102. doi: 10.1152/ajprenal.00657.
2009, PMID: 20089672

Sampaio P, Ferreira RR, Guerrero A, Pintado P, Tavares B, Amaro J, Smith AA, Montenegro-Johnson T, Smith
DJ, Lopes SS. 2014. Left-right organizer flow dynamics: how much cilia activity reliably yields laterality?
Developmental Cell 29:716-728. doi: 10.1016/j.devcel.2014.04.030, PMID: 24930722

Sarmah B, Latimer AJ, Appel B, Wente SR. 2005. Inositol polyphosphates regulate zebrafish left-right asymmetry.
Developmental Cell 9:133-145. doi: 10.1016/j.devcel.2005.05.002, PMID: 15992547

Satir P, Christensen ST. 2007. Overview of structure and function of mammalian cilia. Annual Review of
Physiology 69:377-400. doi: 10.1146/annurev.physiol.69.040705.141236, PMID: 17009929

Schweickert A, Weber T, Beyer T, Vick P, Bogusch S, Feistel K, Blum M. 2007. Cilia-driven leftward flow
determines laterality in xenopus. Current Biology 17:60-66. doi: 10.1016/j.cub.2006.10.067, PMID: 17208188

Shah AS, Ben-Shahar Y, Moninger TO, Kline JN, Welsh MJ. 2009. Motile cilia of human airway epithelia are
chemosensory. Science 325:1131-1134. doi: 10.1126/science.1173869, PMID: 19628819

Shinohara K, Kawasumi A, Takamatsu A, Yoshiba S, Botilde Y, Motoyama N, Reith W, Durand B, Shiratori H,
Hamada H. 2012. Two rotating cilia in the node cavity are sufficient to break left-right symmetry in the mouse
embryo. Nature Communications 3:622. doi: 10.1038/ncomms1624, PMID: 22233632

Shinohara K, Hamada H. 2017. Cilia in Left-Right Symmetry breaking. Cold Spring Harbor Perspectives in
Biology:a028282. doi: 10.1101/cshperspect.a028282, PMID: 28213464

Smith DJ, Blake JR, Gaffney EA. 2008. Fluid mechanics of nodal flow due to embryonic primary cilia. Journal of
the Royal Society Interface 5:567-573. doi: 10.1098/rsif.2007.1306, PMID: 18211867

Ferreira et al. eLife 2017;6:€25078. DOI: 10.7554/eLife.25078 24 of 27


http://dx.doi.org/10.1242/dev.00436
http://www.ncbi.nlm.nih.gov/pubmed/12702646
http://dx.doi.org/10.1242/dev.054452
http://www.ncbi.nlm.nih.gov/pubmed/20876649
http://www.ncbi.nlm.nih.gov/pubmed/20876649
http://dx.doi.org/10.1016/j.ceb.2007.11.009
http://www.ncbi.nlm.nih.gov/pubmed/18194854
http://dx.doi.org/10.1063/1.868223
http://dx.doi.org/10.1016/S0092-8674(03)00511-7
http://www.ncbi.nlm.nih.gov/pubmed/12859898
http://dx.doi.org/10.1007/s00285-016-0967-7
http://www.ncbi.nlm.nih.gov/pubmed/26825450
http://dx.doi.org/10.1038/nnano.2017.62
http://www.ncbi.nlm.nih.gov/pubmed/28474691
http://dx.doi.org/10.1371/journal.pone.0159427
http://www.ncbi.nlm.nih.gov/pubmed/27448330
http://dx.doi.org/10.7554/eLife.04165
http://www.ncbi.nlm.nih.gov/pubmed/25517077
http://dx.doi.org/10.1016/j.ceb.2016.01.004
http://dx.doi.org/10.1016/j.ceb.2016.01.004
http://www.ncbi.nlm.nih.gov/pubmed/26829488
http://dx.doi.org/10.1016/j.devcel.2006.08.002
http://www.ncbi.nlm.nih.gov/pubmed/17011489
http://dx.doi.org/10.1242/dev.061606
http://www.ncbi.nlm.nih.gov/pubmed/22912409
http://dx.doi.org/10.1161/CIRCULATIONAHA.107.710111
http://www.ncbi.nlm.nih.gov/pubmed/18285569
http://dx.doi.org/10.1016/S0092-8674(00)81705-5
http://www.ncbi.nlm.nih.gov/pubmed/9865700
http://dx.doi.org/10.1038/nature00849
http://www.ncbi.nlm.nih.gov/pubmed/12097914
http://dx.doi.org/10.1371/journal.pbio.0030268
http://www.ncbi.nlm.nih.gov/pubmed/16035921
http://dx.doi.org/10.1002/dvdy.21730
http://www.ncbi.nlm.nih.gov/pubmed/18924242
http://dx.doi.org/10.1016/j.cell.2005.04.008
http://www.ncbi.nlm.nih.gov/pubmed/15907475
http://dx.doi.org/10.1083/jcb.201211138
http://www.ncbi.nlm.nih.gov/pubmed/23420871
http://dx.doi.org/10.1152/ajprenal.00657.2009
http://dx.doi.org/10.1152/ajprenal.00657.2009
http://www.ncbi.nlm.nih.gov/pubmed/20089672
http://dx.doi.org/10.1016/j.devcel.2014.04.030
http://www.ncbi.nlm.nih.gov/pubmed/24930722
http://dx.doi.org/10.1016/j.devcel.2005.05.002
http://www.ncbi.nlm.nih.gov/pubmed/15992547
http://dx.doi.org/10.1146/annurev.physiol.69.040705.141236
http://www.ncbi.nlm.nih.gov/pubmed/17009929
http://dx.doi.org/10.1016/j.cub.2006.10.067
http://www.ncbi.nlm.nih.gov/pubmed/17208188
http://dx.doi.org/10.1126/science.1173869
http://www.ncbi.nlm.nih.gov/pubmed/19628819
http://dx.doi.org/10.1038/ncomms1624
http://www.ncbi.nlm.nih.gov/pubmed/22233632
http://dx.doi.org/10.1101/cshperspect.a028282
http://www.ncbi.nlm.nih.gov/pubmed/28213464
http://dx.doi.org/10.1098/rsif.2007.1306
http://www.ncbi.nlm.nih.gov/pubmed/18211867
http://dx.doi.org/10.7554/eLife.25078

e LI FE Research article

Computational and Systems Biology | Developmental Biology and Stem Cells

Smith DJ, Montenegro-Johnson TD, Lopes SS. 2014. Organized Chaos in Kupffer's vesicle: how a heterogeneous
structure achieves consistent left-right patterning. BioArchitecture 4:119-125. doi: 10.4161/19490992.2014.
956593, PMID: 25454897

Song H, Hu J, Chen W, Elliott G, Andre P, Gao B, Yang Y. 2010. Planar cell polarity breaks bilateral symmetry by
controlling ciliary positioning. Nature 466:378-382. doi: 10.1038/nature09129, PMID: 20562861

Supatto W, Fraser SE, Vermot J. 2008. An all-optical approach for probing microscopic flows in living embryos.
Biophysical Journal 95:L.29-L31. doi: 10.1529/biophys}.108.137786, PMID: 18556762

Supatto W, Vermot J. 2011. From cilia hydrodynamics to zebrafish embryonic development. Current Topics in
Developmental Biology 95:33-66. doi: 10.1016/B978-0-12-385065-2.00002-5, PMID: 21501748

Tabin CJ, Vogan KJ. 2003. A two-cilia model for vertebrate left-right Axis specification. Genes & Development
17:1-6. doi: 10.1101/gad.1053803, PMID: 12514094

Vilfan A. 2012. Generic flow profiles induced by a beating cilium. The European Physical Journal E 35:72. doi: 10.
1140/epje/i2012-12072-3, PMID: 22886565

Wagniére GH. 2007. On Chirality and the Universal Asymmetry: Reflections on Image and Mirror Image.
Weinheim, Germany: Wiley-VCH ISBN: 978-3-90639-038-3. doi: 10.1002/9783906390598

Wang G, Cadwallader AB, Jang DS, Tsang M, Yost HJ, Amack JD. 2011. The rho kinase Rock2b establishes
anteroposterior asymmetry of the ciliated kupffer’s vesicle in zebrafish. Development 138:45-54. doi: 10.1242/
dev.052985, PMID: 21098560

Wang G, Manning ML, Amack JD. 2012. Regional cell shape changes control form and function of Kupffer's
vesicle in the zebrafish embryo. Developmental Biology 370:52-62. doi: 10.1016/].ydbio.2012.07.019, PMID: 22
841644

Wang JS, Wang G, Feng XQ, Kitamura T, Kang YL, Yu SW, Qin QH. 2013. Hierarchical chirality transfer in the
growth of Towel Gourd tendrils. Scientific Reports 3:3102. doi: 10.1038/srep03102, PMID: 24173107

Wolpert L. 2014. Revisiting the F-shaped molecule: is its identity solved? Genesis 52:455-457. doi: 10.1002/dvg.
22787, PMID: 24811936

Wood CR, Huang K, Diener DR, Rosenbaum JL. 2013. The cilium secretes bioactive ectosomes. Current Biology
23:906-911. doi: 10.1016/j.cub.2013.04.019, PMID: 23623554

Yoshiba S, Shiratori H, Kuo 1Y, Kawasumi A, Shinohara K, Nonaka S, Asai Y, Sasaki G, Belo JA, Sasaki H, Nakai J,
Dworniczak B, Ehrlich BE, Pennekamp P, Hamada H. 2012. Cilia at the node of mouse embryos sense fluid flow
for left-right determination via Pkd2. Science 338:226-231. doi: 10.1126/science.1222538, PMID: 22983710

Yoshiba S, Hamada H. 2014. Roles of cilia, fluid flow, and Ca2+ signaling in breaking of left-right symmetry.
Trends in Genetics 30:10-17. doi: 10.1016/j.tig.2013.09.001, PMID: 24091059

Yuan S, Zhao L, Brueckner M, Sun Z. 2015. Intraciliary calcium oscillations initiate vertebrate left-right asymmetry.
Current Biology 25:556-567. doi: 10.1016/j.cub.2014.12.051, PMID: 25660539

Ferreira et al. eLife 2017;6:€25078. DOI: 10.7554/eLife.25078 25 of 27


http://dx.doi.org/10.4161/19490992.2014.956593
http://dx.doi.org/10.4161/19490992.2014.956593
http://www.ncbi.nlm.nih.gov/pubmed/25454897
http://dx.doi.org/10.1038/nature09129
http://www.ncbi.nlm.nih.gov/pubmed/20562861
http://dx.doi.org/10.1529/biophysj.108.137786
http://www.ncbi.nlm.nih.gov/pubmed/18556762
http://dx.doi.org/10.1016/B978-0-12-385065-2.00002-5
http://www.ncbi.nlm.nih.gov/pubmed/21501748
http://dx.doi.org/10.1101/gad.1053803
http://www.ncbi.nlm.nih.gov/pubmed/12514094
http://dx.doi.org/10.1140/epje/i2012-12072-3
http://dx.doi.org/10.1140/epje/i2012-12072-3
http://www.ncbi.nlm.nih.gov/pubmed/22886565
http://dx.doi.org/10.1002/9783906390598
http://dx.doi.org/10.1242/dev.052985
http://dx.doi.org/10.1242/dev.052985
http://www.ncbi.nlm.nih.gov/pubmed/21098560
http://dx.doi.org/10.1016/j.ydbio.2012.07.019
http://www.ncbi.nlm.nih.gov/pubmed/22841644
http://www.ncbi.nlm.nih.gov/pubmed/22841644
http://dx.doi.org/10.1038/srep03102
http://www.ncbi.nlm.nih.gov/pubmed/24173107
http://dx.doi.org/10.1002/dvg.22787
http://dx.doi.org/10.1002/dvg.22787
http://www.ncbi.nlm.nih.gov/pubmed/24811936
http://dx.doi.org/10.1016/j.cub.2013.04.019
http://www.ncbi.nlm.nih.gov/pubmed/23623554
http://dx.doi.org/10.1126/science.1222538
http://www.ncbi.nlm.nih.gov/pubmed/22983710
http://dx.doi.org/10.1016/j.tig.2013.09.001
http://www.ncbi.nlm.nih.gov/pubmed/24091059
http://dx.doi.org/10.1016/j.cub.2014.12.051
http://www.ncbi.nlm.nih.gov/pubmed/25660539
http://dx.doi.org/10.7554/eLife.25078

e LI FE Research article Computational and Systems Biology | Developmental Biology and Stem Cells

Appendix A

Derivation of the fluid velocity above a cilia layer with a
density gradient

In order to derive the expression for the fluid velocity above an inhomogeneous layer of short
cilia (Equation 2), we look into the equivalent problem with a planar boundary condition. A
symmetrically rotating cilium (no tilt) located at X is surrounded by a vortical flow with a far-
field velocity profile

’f X e (11)
—X|5

=

sin?(¢) cos(¢))z

ﬁ(ﬂ)_3CNwL4
Y\*) T 167n

=1

where z is the height above the surface (Vilfan, 2012). A cilia carpet with surface density
p(X) then produces the flow

;(}) = Cl‘lg:_ﬁ sin’ (1) cos(1)) /p()?)z(%x E _1;(|3) X e, dS (12)

By applying partial integration the expression can also be written as

==\ _ CNUJL4 .2 . _ s — V4
v(x) =~ T6mn sin (w)cos(w)/Vp(X) X e"|;_§|3ds (13)

For a small z, the integral yields 2776/) x ¢, and we obtain Equation (2). Because we
assumed L < R, the derivation is equally valid for a non-planar (e.g., spherical) boundary
condition. Thus, the effective slip velocity only depends on the density gradient. An infinite
surface, uniformly lined with rotating cilia, does not produce any far-field flow.
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Appendix B

Thermal noise on an elastic cilium

To estimate the thermal noise on a cilium, we treat it as an elastic beam with a flexural rigidity
of EI = 3 x 1072 Nm? (Battle et al., 2015). For cilia of this length, the dynamics is dominated
by the fundamental bending mode and the cilium can be treated as a damped harmonic
oscillator. The tip of the cilium then acts as an elastic spring with a spring constant

K =3 EI/L? . From the equipartition theorem it follows that the r.m.s. tip deflection is

/kgT /K, which corresponds to a torque measured at the base of the cilium

(t=K L \/ksT/K = \/3kgT EI / L= 2.5 x 107! Nm). The relaxation rate of the cilium is I' =
EI k}/(Cy L*) with k; = 1.89 (Battle et al., 2015), which gives ' = 80 s™' and also determines
the corner frequency of thermal noise. The spectral density of the force fluctuations is
therefore

2 1
(P (w)) == kgT KL* —1—. (14)
w 1 %
A low pass filter with a time constant T reduces the spectral density at frequency ® by a
factor 1/(1 + (wT)2>. The total noise amplitude after filtering is given by the integral over

the frequency spectrum

[ RW) @
<r}>7/l+(wT)2dw71+rT. (15)
0

To reduce the detected r.m.s. amplitude of thermal noise to 2 x 10-2° Nm, well below the
proposed threshold for flow sensing, a time constant T = 2 s is necessary.

In a similar way, we can estimate the effect of low-pass filtering on the noise that is caused
by the beating of adjacent cilia. The flow calculation on mid- and late stage KV yields an
average r.m.s. amplitude of the oscillatory torque Tosc=9x10~"'? Nm, mostly with the ciliary
beating frequency wy =2 7 x 25 s ! (although higher harmonics are present). After filtering,

the amplitude is reduced to Tose—f = Tose/\/ 1 + (on)Z. The filtered amplitude can be brought
down to the same level (T, = 2 x 10-2’Nm) with a time constant T= 0.3 s.

The estimate shows that temporal averaging with a time constant longer than 2 s suppresses
both the thermal and the oscillatory noise well below the estimated detection threshold.

Spatial variability of the flow, on the other hand, still requires averaging over several
immotile cilia.
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